site and form a double-stranded (ds) RNA secondary
structure. Transgenic mice missing the ECS failed to
We obtained insertions in the dADAR locus, on the X edit the Q/R site. Mice expressing such GluR-B Q/R chromosome, through site-selected P element mutaediting-incompetent alleles in various heterozygous genesis. In a screen of 20,000 lines, three insertions into combinations were shown to exhibit seizures and early the 5Ј regulatory region of the dADAR gene, near the death (Brusa et al., 1995; Feldmeyer et al., 1999). Thus, two predicted promoters of dADAR, were generated site-specific A-to-I RNA editing profoundly affects pro-( Figure 1A ). All insertions were aphenotypic and resulted tein function in vivo.
in no detectable change in dADAR transcription or RNA Further examples of specific A-to-I editing in mamediting of transcripts of the para locus (data not shown). mals include other GluR editing sites, several sites in Starting with one of these insertions, we then proceeded the serotonin receptor (5HT 2C R) (Burns et al., 1997; Nisto target deletions to the dADAR locus via transposasewender et al., 1999), and the ADAR2 gene (Rueter et al., mediated P element excision. Our screen involved re-1999). Although the functional significance has been covering lethal mutations linked to the dADAR locus. In investigated for some of these sites, their in vivo signifia screen of 16,000 mutagenized X chromosomes, 13 cance remains largely unknown. Interestingly, while the lethal mutations mapping to the dADAR locus were rebest studied example of mammalian A-to-I editing, the covered. GluR-B Q/R site, is edited at a very high frequency in Molecular analysis revealed that all 13 mutations harvivo (Ͼ99% of transcripts are edited), all of the remaining bored deletions of the dADAR locus and comprised sevexamples of editing occur at lower frequencies. Such eral classes ( Figure 1A ). One class deleted DNA unidirecintermediate levels of editing suggest a mixture of edited tionally in the 5Ј direction removing exon Ϫ4a and and unedited proteins in neurons or tissue specificity upstream 5Ј regulatory regions (alleles 2B3 and 5A1). of editing. This is particularly intriguing considering a Another, the largest class, were bi-directional deletions recent proposal that RNA editing in the nervous system which remove all of exons Ϫ4a and Ϫ4b and the preevolved to fine-tune the function of the nervous system dicted promoter regions (alleles 1F1, 1F4, 1G3, 2J3, 4A1, through subtle functional effects on ion channels (See-4F1, 5I2, 6A2, and 6K1). Lastly, two deletions were reburg, 2000).
covered that were unidirectional in the 3Ј direction; allele In support of such a proposal, A-to-I RNA editing as 6C1 deletes from the P element insertion site to a region a posttranscriptional regulatory mechanism for generatbetween alternative exons Ϫ1 and 0, and allele 5G1 ing protein diversity in the nervous system appears to completely deletes the dADAR locus including all coding have ancient origins, as evidenced by several invertesequences. brate examples. For instance, the squid voltage-gated potassium channel sqKv2 has been shown to undergo Mutations in dADAR Are Conditionally Lethal RNA editing at numerous positions (Patton et al., 1997) .
and Confer Behavioral Deficits Transcripts of the major action-potential Na ϩ channel
We were surprised to discover that all of the dADAR in Drosophila, the product of the paralytic (para) locus, have been shown to undergo RNA editing proceeding mutants obtained from our screen were conditionally through a mechanism similar to that of the mammalian lethal. That is, under ideal growth conditions dADAR GluR Q/R sites (Hanrahan et al., 2000; Reenan et al., mutants developed into morphologically normal adults 2000). Other reported substrates for editing in Drosophthat displayed profound behavioral deficits and these ila also encode nervous system signaling components, phenotypes were recessive. All dADAR alleles were phenamely, the cacophony (cac) voltage-gated Ca 2ϩ channotypically indistinguishable, including the 5G1 allele nel (Peixoto et al., 1997; Smith et al., 1998b) and the that deleted the entire dADAR locus. We describe the glutamate-gated Cl Ϫ channel, DrosGluCl-␣ (Semenov mutant phenotypes in more detail below. and Pak, 1999).
Two alleles were chosen for genetic mapping analysis, Here, we report null mutations for all ADAR activity in 1F1 and 1F4. Using markers defining a 1.5 centimorgan a metazoan. dADAR null mutants in Drosophila lack (cM) interval flanking the dADAR locus, we screened nonspecific dsRNA-dependent adenosine deamination 40,000 chromosomes for recombination and generated activity, a measure of ADAR activity. Surprisingly, 235 recombinant chromosomes. The presence of the dADAR mutants develop into morphologically normal mutant phenotype in recombinants correlated with the adults. We show that site-selective A-to-I editing of all associated molecular lesion at the dADAR locus and, known pre-mRNA targets in Drosophila, comprising 25 thus, we were unable to separate the mutant phenotypes specific A-to-I editing sites in three different ion channel from molecular lesions at the dADAR locus. The minitranscripts, is abolished in dADAR mutants. Despite the mum genetic distance between dADAR lesions and the absence of any obvious developmental defects, the loss mutant phenotype determined from these experiments of dADAR activity confers profound adult behavioral corresponded to 0.006 cM ‫4ف(‬ kb in terms of the Drodeficits that include defects in motor control, mating, sophila physical map). The region of the dADAR locus and flight. These behavioral defects increase in severity has been sequenced and no other predicted genes are with age and are associated with neurodegeneration. present within at least 40 kb surrounding the dADAR Surprisingly, these defects do not shorten the adult life locus. Thus, we conclude that the mutant phenotypes span of mutant animals. We propose that the principal observed in dADAR mutants result from extremely hypofunction of pre-mRNA editing in Drosophila is the modifimorphic or null alleles of dADAR. cation of adult behavior by altering the functional properties of signaling components in the nervous system.
Duplication Rescue of dADAR Mutants and Lack of Maternal Effect Results
All phenotypes of dADAR mutant males were rescued by a Y chromosome bearing a translocation of the tip Targeted Mutagenesis of the dADAR Locus of the X chromosome (Dup(X;Y)901) containing the com-A search for available mutations near the dADAR locus revealed no breakpoints or useful transposon insertions.
plete dADAR locus. One behavioral defect observed in . Imprecise excision of HD57 generated the deletions of dADAR indicated below the transcription unit. Parentheses indicate that the deletion endpoints have been cloned and characterized by direct sequence. Allele designations are given to the right of each deletion. Deletions whose exact endpoints are unknown are indicated (//). (B) dADAR transcripts were undetectable in the 5I2 or 5G1 alleles of dADAR. Semiquantitative RT-PCR was performed on Canton-S (C-S) males or dADAR mutant males (alleles 5I2 and 5G1). Arrows indicate the sizes of dADAR specific products or products of the internal control, ribosomal protein 49 (RP49). Cycle numbers increase 2 cycles per lane from left to right (22-36). dADAR transcripts were undetectable in the 5I2 or 5G1 alleles of dADAR. PCR primers used to generate products are located in exons 1 and 3. Figure 1B) . This is consistent with the observation that the dADAR 5G1 lesion results in the deletion of the entire dADAR locus. Three other alleles tested, 1F1, 1F4, and 6C1 exhibit at least a 10-to 20-fold reduction in dADAR transcripts (data not shown). This is consistent with the deletion of promoter regions in these alleles. In addition, these transcripts lack the normal 5Ј untranslated regions and numerous alternative exons and would be unlikely to support translation.
The mammalian ADARs (ADAR1 and ADAR2), which Modified dsRNA was digested with P1 ribonuclease and the resulting mononucleotide mixtures separated by thin-layer chromatography to resolve adenosine from analysis of dADAR mutants, we conclude that dADAR inosine. While dsRNA-dependent adenosine deaminase encodes the major dsRNA-specific adenosine deamiactivity was detectable in WT male head extracts, no nase in Drosophila. A-to-I conversion activity was detected in extracts from the heads of dADAR
1F4
. Quantitation of the amount of inosine converted in extracts revealed an average overSpecific Editing of Ion Channel Pre-mRNAs Is Abolished in dADAR Mutants all decrease in promiscuous A-to-I conversion activity of at least 12-fold in dADAR 1F4 (n ϭ 4). This is a conservative To address the status of specific A-to-I RNA editing in dADAR mutants, we chose to analyze an RNA editing estimate of the decrease in activity as the level of ADAR activity was frequently lower in the mutant flies than the site in cac voltage-gated Ca 2؉ channel transcripts. We generated cac cDNAs via RT-PCR from WT and dADAR Ϫ negative control (no extract). Extracts from WT versus dADAR 1F4 whole animals gave similar results. flies. In the case of the cac N/S-1 site (Table 1) , editing abolishes cleavage by a restriction enzyme. RT-PCR Drosophila has been shown to possess at least one adenosine deaminase acting on tRNA, dADAT1 (Keegan products from behaviorally normal animals heterozygous for dADAR mutations had WT levels of RNA editing et al., 1999). To ensure that the mutant and WT were equivalent with regard to a related enzymatic activity, while editing in two different dADAR mutants (1F1 and 1F4) was undetectable ( Figure 3A) . We then tested all the same extracts were assayed for the conversion of A-to-I at positions 34 and 37 of Bombyx mori tRNA of the other dADAR alleles, we conclude that all 13 for detection of site-specific editing would be sufficient to detect less than 1% residual activity remaining in dADAR mutations generated in this study are null.
Extending our analysis of specific editing, we deterdADAR 1F1 mutants. From this, we again conclude that all dADAR mutant alleles described here are null mutations mined the editing status of all reported editing sites in transcripts of the cac, para, and DrosGluCl-␣ genes.
and that dADAR is the site-specific A-to-I RNA editing enzyme of all reported pre-mRNA editing sites in DroWhere editing events generate or abolish restriction enzyme cleavage sites, RT-PCR products were obtained sophila. from whole fly RNA and digested with the appropriate restriction enzyme ( Figure 4A ). Otherwise, RT-PCR Developmental and Phenotypic Analyses products were subjected to direct sequence analysis of dADAR Mutants and analyzed for the presence of a mixed A/G signal in Since we showed that maternal dADAR is dispensable, the chromatographic data ( Figures 4B and 4C ). Editing we were interested in determining whether dADAR Ϫ aniwas undetectable at all 25 sites analyzed (Table 1) . Conmals display normal development in the absence of a trol experiments demonstrated that the level of deteczygotic contribution of dADAR. We analyzed the time tion of editing using the direct sequence method was course of development from egg-laying to pupariation about 5% (data not shown).
of WT and dADAR 1F1 ( Figure 5A ). No significant differAlthough no editing was seen at any site using restricence was observed. As well, we saw no significant differtion enzyme assays or sequence data in dADAR muence between WT and mutant animals in the time course tants, we were interested in determining a lower limit to from onset of pupariation to eclosion into morphologithe detection of specific RNA editing in dADAR mutants.
cally normal adults ( Figure 5B ). dADAR mutant animals To this end, we isolated more than 100 partial para showed a slight reduction in viability versus WT (71 Ϯ cDNAs spanning three RNA editing sites from both WT 6 and 92 Ϯ 3, respectively). and dADAR 1F1 mutants and assessed their editing status Mutant dADAR 1F1 larvae appeared normal for locomo- (Table 2) . In wild type, where 112 cDNAs were analyzed, tion, response to stimuli, and were also normal in a 116 out of a potential 336 adenosine residues were modspecific behavioral assay. We determined the phototacified. In dADAR 1F1 males, our analysis of 103 partial tic behavior of dADAR 1F1 versus WT larvae and observed cDNAs from para failed to detect a single modified adenno measurable difference (response indices of 0.81 Ϯ 0.09 and 0.75 Ϯ 0.09, respectively). osine residue in 309 potential sites. Thus, this method dADAR Mutants, though Not Short-Lived, Are at an Extreme Selective Disadvantage Although dADAR mutants are severely compromised for many aspects of adult behavior, they perform the behaviors and functions necessary to sustain life (eating, respiration, metabolism). We were interested to determine whether dADAR mutants were short-lived as a result of their neurobehavioral enfeeblement. We performed life span analysis on dADAR 1F1 male populations under optimal environmental conditions (low population density). As controls, we compared the life spans of populations of dADAR 1F1 males bearing Dup(X;Y)901 and FM7G males. The life span of dADAR 1F1 males under these ideal conditions parallels that of control animals ( Figure  6A) . Importantly, the maximal life span of dADAR 1F1 is not were phenotypically WT and heterozygous for dADAR
1F1
and FM7G. Males were of two genotypes; half were dADAR mutant adults, however, exhibit severe neurodADAR 1F1 and the remaining half were dADAR 1F1 bearing behavioral phenotypes. Motor deficits, manifesting as Dup(X;Y)901. We then determined survivorship for each slow uncoordinated locomotion, occasional tremors of the genotypes in these populations for one generation and varying degrees of abnormal body posture are ob-(14 days). That is, no progeny from the populations in served immediately upon eclosion. Also apparent soon question were allowed to eclose and thus alter the size after eclosion, dADAR Ϫ animals spend an inordinate of the population. As can be seen, even under relatively amount of time grooming (5 Ϯ 0.5% for WT, 27 Ϯ 6% low population density, dADAR mutants exhibit a high for dADAR
). This obsessive cleaning is apparent mortality rate with respect to WT animals ( Figure 6B ). throughout the lifetime of mutant animals. dADAR muThus, dADAR mutants are at an extreme selective disadtants are capable of flying and jumping but do so only vantage even early in their life span, and this disadvanwhen repeatedly provoked and then only rarely. Not unextage is rescued by a translocation that provides dADAR ϩ pectedly, flight in dADAR mutants is erratic. dADAR Ϫ function and behavioral rescue. males exhibit an extreme mating defect. When presented with WT or dADAR Ϫ virgin females, males were Brain Degeneration Is Seen in Aging not observed to initiate any displays of courtship.
dADAR Mutants Since we have shown that the targets of dADAR activThe behavioral phenotypes of dADAR Ϫ animals become ity are ion channel transcripts of the nervous system, more severe with age and some new phenotypes apwe tested dADAR mutants using two paradigms that pear. Tremors increase dramatically such that locomohave been extremely successful in detecting ion channel tion is severely compromised in animals beyond day 50. mutations, temperature-sensitive (ts) paralysis and etherAnimals fall over and become increasingly inefficient at induced leg shaking. While dADAR mutants recover righting themselves; sometimes leading to periods of more slowly from ether anesthesia, they do not exhibit inactivity resting on their backs. Many animals beyond the leg-shaking characteristic of mutations which inday 30 exhibit circling behavior that varies from wide crease membrane excitability. However, dADAR mutant circling to circling while standing in place. A majority of flies exhibit a strong temperature-dependent enhanceanimals beyond day 50 exhibit a persistent upheld wing ment of behavioral defects at the restrictive temperature phenotype. Marked asymmetries appear in animals, mani-(37.5ЊC) resulting in bouts of paralysis and extreme mofesting as one upheld wing or leg, extension of one or tor uncoordination. Mutations in a number of genes afboth back legs, and more severe asymmetries in posfecting ion channels or the process of neurotransmisture. The progressive nature of these defects prompted sion confer similar phenotypes (Wu and Ganetzky, 1992;  us to determine the gross nervous system morphology Littleton et al., 1999). The lack of a significant developof dADAR mutants. Frontal sections through adult heads mental phenotype, outwardly normal adult morphology, of male dADAR 1F1 and dADAR 1F4 were stained with hemavaried behavioral deficits, and ts phenotype are all contoxylin and eosin. As controls, we used Dup(X;Y)901 sistent with the primary role of dADAR being the editing rescued males or males harboring a dADAR ϩ recombiof transcripts encoding signaling components of the adult nervous system. nant chromosome derived from the original dADAR transcripts. In addition, ADAR activity was undetectable in crude extracts from a dADAR mutant while assays of targets of ADAR activity. Moreover, we propose that the a related enzymatic activity, which specifically modifies process of A-to-I editing is, by its very nature, ideally A-to-I in tRNAs, was unaffected. Thus, we have shown suited for modifying activity in the nervous system. that dADAR encodes the major dsRNA-specific adenosine deaminase in Drosophila. In order to address the function of dADAR in vivo, we dADAR Encodes the Pre-mRNA Editing Enzyme for Every Reported Editing Site in Drosophila tested the specific pre-mRNA editing of all reported targets of A-to-I RNA editing in Drosophila (Table 1) . We report here null mutations of the Drosophila ADAR, dADAR. Using a targeted mutagenesis scheme to obtain These are transcripts of the voltage-gated Na ϩ channel para, the voltage-gated Ca 2ϩ channel cac and the glutalethal mutations mapping to dADAR, we generated deletions of the dADAR locus. Due to the nature of the mate-gated Cl Ϫ channel DrosGluCl-␣. Editing was abolished at all 25 of these sites in dADAR mutants. Thus, screen, we were surprised to discover that these mutations were conditionally lethal. Under ideal conditions, we have shown that dADAR encodes the site-specific adenosine deaminase acting on all reported pre-mRNA morphologically normal adult mutants were obtained which exhibited profound behavioral deficits. All dADAR targets in Drosophila. Taken together with the result that dADAR mutants abolish ADAR activity in extracts, we in dADAR mutants revealed anatomical defects in the retina as well as brain lesions appearing in all areas show that dADAR encodes the major pre-mRNA editing enzyme in Drosophila. Analysis of the completed Droof the brain with increasing age. Further studies using transmission electron microscopy will be necessary in sophila genome sequence supports our data as dADAR and dADAT1 (a tRNA adenosine deaminase) are the only order to elucidate the exact nature of the ultrastructural brain defects seen in dADAR mutants. predicted genes in the Drosophila genomic sequence that have ADAR-type deaminase motifs (unpublished The presence of ADAR activity in many mammalian tissues along with the observation that inosine-conobservation).
taining mRNAs are present in all mammalian tissues make our results surprising (Wagner et al., 1990; Paul The Primary Role of Pre-mRNA Editing and Bass, 1998). dADAR activity does not appear to be in Drosophila Is in Adult Nervous necessary maternally or zygotically for normal morpholSystem Function ogy of adult animals. Additionally, lack of dADAR does The developmental time course of dADAR Ϫ animals was not shorten the life span of mutants under optimal condiessentially the same as that of WT controls. We also tions. The mutant phenotypes associated with loss of showed that there is no requirement for maternal contridADAR activity are entirely consistent with perturbabution of dADAR ϩ , strongly suggesting that dADAR actions of electrical and chemical signaling mechanisms tivity is not necessary maternally for oocyte formation in the nervous system and proximal effects on behavior. nor for early development. Our data do not rule out a In fact, mutations have been generated in some of the subtle zygotic role for dADAR during development. ion channel targets of dADAR (described in this paper) Morphologically normal adult dADAR mutants display which confer behavioral phenotypes. For instance, cac profound behavioral defects including locomotor demutants exhibit specific defects in male courtship song, fects, jump and flight defects, tremors, and mating devisual defects, and temperature-dependent convulsions fects. In addition, mutations in dADAR confer ts uncoand uncoordination ( , 1996) . This mechaidentified targets of dADAR activity surely exist. Thus, it appears unlikely that the nervous system impairment nism has been conserved in Drosophila para editing . Thus, the evolution of such RNA seen in dADAR mutants is due solely to any one particular dADAR target site. A more likely scenario, given the editing sites likely proceeds through the mutation of noncoding sequences. Many mutational changes to the potential for hundreds of dADAR editing sites in scores of nervous system genes, is that the dADAR Ϫ phenotype genome may be required in intronic sequences to generate an initial, weakly complementary ECS. This nascent is complex and results from effects on the posttranscriptional processing of many transcripts in the nervous ECS would then direct modification of a particular nucleotide position at a low efficiency in nearby coding sesystem. quences resulting in an amino acid change in a small percent of messages. Certain de novo editing sites, Implications of RNA Editing for the Evolution though edited at low levels, would be selectively advanof Animal Behavior tageous through dominant effects on protein function Since most A-to-I editing sites have been discovered in and resultant changes in behavior. Such a model prosignaling components of the nervous system, one role vides an ideal substrate for evolution, the intron, for of editing that has been proposed is in the fine-tuning which mutation can provide a large sequence space of neurophysiological processes (Seeburg, 2000) . Siteof variants most of which would be selectively neutral. specific mRNA editing can have profound biological sigLarger introns would perforce generate more sequence nificance for individuals. The only example, and an exvariants through time. Editing introduced at a low level at treme one, is the in vivo consequences of failure to edit a particular site within a protein would introduce subtle the GluR-B Q/R site in mice. Editing at this site occurs variants within a population which could benefit from a at high frequency (Ͼ99%) and mutant mice expressing selective advantage in a niche-specific manner altering an editing-incompetent allele of GluR-B die postnatally behavior to suit environment. Future enhancements of from neurological dysfunction (Brusa et al., 1995) . Howediting, through improvements of the ECS-editing site ever, most editing sites are not edited at such high levels interaction to generate a better ADAR substrate, could and must confer altered signaling properties in a celltitrate in the edited form of the protein to maximally specific manner or alter neuronal signaling properties advantageous levels; all via changes to noncoding sethrough dominant effects on protein function. quences. In effect, RNA editing provides the possibility The singular role of dADAR in Drosophila pre-mRNA to make use of amino acid changes that would be selecediting along with the adult neurological phenotypes of tively disadvantageous at 50% (as a mutation appearing dADAR null mutants suggest a novel evolutionary role in coding sequence) offering a continuum of expression for dADAR in supplying genetic diversity. Genetic variaof two residues at a given amino acid position. Further tion in large, diploid, randomly mating populations apdiversity could be obtained in cases where the process pears through mutation and is discrete in nature. That of RNA editing became spatially regulated. is, an individual animal can have zero, one or two alleles for a given nucleotide position and stochastic or selective processes act to determine the final frequency of Conclusion A-to-I RNA editing, while providing the potential for taithat allele in a population over time. Cells can usually express, at most, two alleles differing at a single amino lored mixtures of proteins differing at a single amino acid position, seems to have supplied this diversity priacid in a 1:1 ratio.
An important example of selection acting on variation marily to the nervous system; a tissue whose hierarchical function, complex structure and direct influence on in nature exists for the para gene. In natural insect pest populations, such as Heliothis (tobacco horn worm) or organismal behavior ideally suit it to take advantage of such continuous and subtle genetic variation. The future Blatella (cockroach), resistance to pyrethroid insecticides is prevalent and confers a strong selective advanchallenge of studying dADAR mutants will be in addressing the potential multitude of unknown pre-mRNA tage on animals carrying knock-down resistant (Kdr) alleles in para orthologs (Feyereisen, 1995) . In the labotargets, the role of different dADAR isoforms in the editing of targets, the association of specific editing sites ratory as well, certain Drosophila para mutations which are recessive ts-paralytic mutations confer dominant with specific modifications of behavior, and the natural history of ADARs and their substrates in the course of resistance to pyrethroid insecticides and DDT in heterozygotes (Pittendrigh et al., 1997) . In fact, certain doubly evolution. so that the final concentration was 2.5 mM and this assay was performed as previously described (Auxilien et al., 1996; Gerber et al., 1998). In all assays, cold inosine was spotted onto TLC plates Two-Step Targeted Mutagenesis to serve as a standard. Site-selected mutagenesis was performed essentially as described (Ballinger and Benzer, 1989) . Females with a balanced, P element mutagenized X chromosome were pooled (45) and screened by PCR Assays of In Vivo RNA Editing For each site analyzed independent RT-PCR products were obfor insertions in the dADAR locus (n ϭ 20,000). dADAR HD57 was recovered as a positive generated with the following primers: tained using gene-specific RT and nested PCR primers from mutants (n ϭ 6) and heterozygous control animals (n ϭ 6). To determine the P31IR(P element specific) and Slo5 (5Ј-CAAACTGAACCATATCGCT TCCAGCC-3Ј). /FM7a (n ϭ 2-6). Details of the primers linked to dADAR (n ϭ 16,000). PCR was used to check for the presence of the HD57 insertion and, in those mutants where HD57 used for RT-PCR and sequence analysis are available on request.
To quantify the frequency of editing remaining in dADAR mutants, had remobilized, aberrations in the dADAR locus were mapped by PCR. Direct sequence of PCR amplification products which span a more sensitive cloning-based assay was employed. para RT-PCR products were generated with 5Ј-gctctagACGCCAGCAAGGAG the deletions characterized the extent of the mutations.
GATTTAGGTC-3Ј and 5Ј-ccgagcTCAAAGACTATTGCTTGTTCGC-3Ј which span three editing sites that can be assayed by restriction Genetic Characterization of Lethals digestion. These fragments were directionally cloned into pBlueAll mutants were maintained as dADAR of 10 vials were constructed and each day all of the surviving flies (1996 
